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ABSTRACT 
A   fracture   toughness  analysis  was  conducted  of  the  weld metals 
and  heat  affected  zones   of   submerged  arc  weldments made  on A308 
Class 4   steel  using Armco W-25 VMLC  and XW-28 weld metals  and   Linde 
009-1   flux.     The  welds  were  made  at   2.0  Kj/mm   (51  Kj/in)   using  a 
120°C   (~ 250°F)   preheat and  200 C   (~ 400 F) maximum  interpass   temper- 
ature.     Tensile,   Charpy  impact and  fracture   toughness  properties  of 
the weld metal  and heat affected  zone were measured  at   23 C   (73  F) 
and Charpy   impact  and   fracture  toughness  properties  were measured  at 
- 51 C    (-60 F).     The J-integral,   K        and  COD concepts were  used   to 
estimate KT     for   the weldment.     The  strength and  toughness were  deter- Ic 
mined  as welded  and after   10 hours and   50 hours   of post-weld heat 
treatment at  607°C   (1125°F). 
The Armco W-25  VMLC weld metal was   lower  in strength   than   the 
XW-28 and  significantly undennatched   the A508  Class 4   forging.     The 
XW-28 weld metal   overmatched   the   forging  as  welded  and  was  about   the 
same  strength as   the   forging after 50 hours  of post-weld heat   treat- 
ment.     The  Charpy   impact   toughness  of   the  XW-28 weld  metal  was   lower 
at  23°C   than  the W-25 VMLC both as welded  and  after  post-weld heat 
o o 
treatment but higher   in  toughness at  - 51 C    ( - 60 F)  both as welded 
and after  post-weld heat  treatment   for  50 hours.     The W-25 VMLC had 
progressively   lower   toughness after   10 and  50 hours  post-weld heat 
treatment. 
The   fracture   toughness   tests  on  the  XW-28 weld metal   showed   it 
to have  a K       (based  on J-integral and  K     ,  analysis)   of about 
200 MPa/m   (~ 185  Ksi/in)   as  welded   over   the  range   of   temperature. 
The   fracture  toughness appears   to decrease  by about   357. at    - 51 C 
( - 60 F)   after   10 hours  of  post-weld  heat  treatment  but  recovers   to 
above   its   initial value  over   the whole   temperature   range  after   50 
hours   of  post-weld  heat  treatment.     The  weld metal   toughness was   less 
than  that  of  the base  plate with   the heat affected  zone having   inter- 
mediate   toughness.     Of   the   three   fracture  toughness  evaluation methods 
used,   J-integral,   K,.   ,  and COD,   the  J-integral and  K,    .  gave  nearly 
° led led 
equivalent  estimates   of  K,   •     The values   of K       calculated   from COD 
^ Ic Ic 
were about 257. lower. 
INTKOPUCTIW 
Pressure vessels and associated pressure-re t.i in ing corpom nt :• 
for nuclear and other applications are constructed according to the 
provisions of the A.S.M.E. Boiler and Pressure Vessel Code, Sections 
III, VIII, IX and XI while the materials used in such vessels are 
generally governed by the provisions of Sections 11, III and VIII• 
In each of these sections, the emphasis is on materials, design, 
fabrication and inspection procedures that are well characterized 
and will provide a finished vessel with strength and toughness com- 
menserate with its intended service.  Because large pressure vessels 
normally require steels in heavy section to withstand the membrane 
stresses required, the trend over the last 20 years has been to 
utilize steels of high strength and careful design procedures to 
reduce the thickness of the vessel walls.  This serves not only 
to reduce direct material costs, but also to reduce the expense 
associated with the welded fabrication of thick section plates and 
forgings-  At the same time, the toughness required of these steels 
has also increased, in part because the stress levels at which they 
operate are higher, and in part because their service temperature 
ranges have extended lower in some applications. 
It was also during this time period that the concepts of frac- 
ture toughness, formerly limited to normally brittle materials, were 
extended to the point where they could also be applied to these more 
ductile materials as well.  For these reasons, the development and 
use of a new, higher strength steel for a pressure vessel applica- 
tion now requires a careful evaluation of its mechanical properties 
in heavy section both in terms of yield and tensile strength and also 
in terms of a number of fracture toughness parameters. 
It was with these factors in mind that the Materials Division of 
the Pressure Vessel Research Coninittce sponsored a series of investi- 
gations at Lehigh University that explored the strength and toughness 
of a number of heavy section steels currently available for high 
strength pressure vessel service. These investigations included 
studies of conventional and enhanced-strength versions of ASTM grades 
such as A533 Grade 15 plate and A508 Class 2 and Class A forgings. 
The results of the studies were published as a series of Pressure 
1 2 
Vessel Research Committee project reports. ' 
The completion of these programs provided both a background of 
data on the   steels and also characterized plate and forging mate- 
rials that could be used for future high strength steel studies. 
The next logical step in such a development program was the study of 
the characteristics of these steels under typical conditions of fab- 
rication, i.e., in the welded and postweld heat treated condition. 
From the steel grades included in the previous work, one with prom- 
ising strength and toughness characteristics, A508 Class 4, a 
Ni-Cr-Mo low alloy high strength steel, was selected by the Fabri- 
cation Division of the Pressure Vessel Research Committee for fur- 
ther s tudy. 
A weldment is a composite structure, with a wide variation in 
metallurgical  structure  across   the   fabricated   joint.     It was   the 
intent of   the   program  to sample   two critical  areas   from  this   compos- 
ite   for   testing.     The   first  area,   somewhat more  easily   tested,  was 
the weld metal   itself.     In   the  program described  here,   two weldtncnts 
having  strengths  and   toughnesses   that  could  be  compatible with   the 
A508  Class 4   forging were  studied.     These weld metals were  Artnco 
W-25VMLC and Armco XW-28,   both  of which contain Ni,   Cr and  Mo as 
alloy elements  as well as   the  usual Mn.     The  XW-28   is more highly 
alloyed  of  the   two.     Since   the  intent  of   the program was   to develop 
information  useful  in the welding of heavy  section plate,   the weld 
metals  chosen were deposited by   the  submerged arc  process  using a 
popular neutral  flux,   Linde  009-1,   and  an  intermediate heat  input 
2.0 KJ/mm  (51 Kj/in) . 
The  second area studied was   the coarse  grained heat affected 
zone  of  the  base   plate.       This  region  is   sometimes   the most  critical 
of  the  composite  joint.     In   this  program,   this  region was given  the 
same   toughness   tests as   the weld metals  so  that  the  relative   tough- 
nesses  of weld,   base  plate and heat affected  zone  could be  compared. 
Since heavy section pressure vessel welds  are given postweld 
heat   treatments,  normally   in  the   temperature range  of 550-650 C 
(1025   to  1200 F),   the  influence   of  such  treatment was also studied. 
Postweld heat  treatment   time was  also a variable with weidments 
tested  as welded and  postweld heat   treated  at       607   C   (1125 F)   for 
10 and  50 hours.     Cooling rates   from  the  postweld heat   treatment 
were deliberately held   to  those   typical  of   furnace  cooled heavy 
section plates. 
Finally, the evaluation of the strength and toughness of the 
weldments was a complex problem in itself.  The usual characteriza- 
tions using tensile and Charpy impact test data were, of course, 
employed.  In addition, the now increasingly accepted fracture tough- 
ness characterizations were also developed.  The high toughness of 
the weldments precluded the measurement of K._ by linear clastic 
tests.  Therefore, the K_  toughnesses were estimated using the 
J-integral (J7r)» the equivalent energy (KTrn) and the COD methods. 
A background to the use of these methods is given in the next section 
of this document. 
BACKGROUND TO TOUGHNESS TESTING PROCEDURES 
Fracture toughness testing of essentially ductile materials 
lias been given careful study over the last ten years by a number of 
investigators.  'Hie primary problem associated with the testing of 
these materials lies in the fact that the original assumptions of 
linear elastic behavior that underlie the Linear Elastic Fracture 
Toughness (IE FT) methodology , and are incorporated in ASTM Specifi- 
cation E399, cannot be met in practical testing situations.  The 
basic requirement of this specification is that fracture of the 
notched and fatigue cracked specimen occurs while the plasticity 
involved in the fracture process is limited.  This condition is 
assured if the specimen dimensions are such that a, the crack 
length and b, the specimen thickness fulfill the inequality: 
IL   2 
a, b ^ 2.5 (-^ Eqn. 1 
y 
Here o  is the yield point of the material tested and K^. is the 
critical stress intensity at onset of fracture.  The rationale for 
this requirement is that it limits the plastic zone at the tip of 
the fatigue crack to about 2%  of the specimen thickness.  For mate- 
rials such as those tested here, K. /a    values are frequently greater 
than 2, resulting in specimen size requirements that are either 
impractical or impossible. 
As a result of this situation, analytical and experimental 
studies have been done to provide quantitative estimates of K. 
fran smaller sized specimens.  The procedures which have been the 
most widely accepted presently are the J-integral (Jjc), the crack 
7 
open I m- ilisplaniiH-nl ('  or COD) and tin- equivalent energy (K  ,t 
' c leu 
methods.  All thr*. > of these procedures were used in this study. 
The J-Integral Method 
Tile J-integral method of fracture toughness measurement w.is 
3 
developed by Rice,  as a characterisation of the potential energy 
difference- between identically loaded configurations of cracked 
material having ne ighbor ing crack sizes, a and a + da.  This was 
expressed analytically ar, 
. _ -a (u/n) ..      „ J =  e ^ hqn . 2 
where a is crack length, and u/B is the (pseudo) potential energy 
change with crack extension (normalized per unit thickness).  When 
the value of J reaches a critical value, J , the fracture of the 
material occurs.  The utilization of the relationship in Equation 2 
in actual testing is complex, requiring the testing of a number of 
specimens and the construction of master curves of >i /B for a variety 
of crack lengths.  A more simplified approximation technique, uti- 
lizing single specimens,was also proposed   and has gained wide 
acceptance.  This relationship is: 
Jc " ^ Ef*n- 3 
To use this relationship, the specimen, such as a compact specimen 
made according to the specifications of E399, is loaded to failure 
and, A, the area under the load-load line displacement curve up to 
the displacement corresponding to crack initiation, is measured. 
The specimen thickness B, and the remaining uncracked ligament, b, 
8 
arc then used to calculate J .  J  is converted to K  bv use of the 
c    c c  - 
rclat i on : ~ 
K 
Jc = Gc = —°— Eqn. U 
h/l-v 
'Hie values of J  obtained from this procedure (Kc;n. 3) agree with 
those obtained by the method of Eqn. 2 as long as corrections are 
made for  axial  effects in compact specimens. 
There is rapidly accumulating evidence that J  values obtained 
from small specimens are consistent with valid ASTM E399 K,  values 
' If 
for much larger specimens, i.e., the J  values are actually J . and 
the K  values from Eqn. A are K  .  The complexity of a single J, 
c I c I c 
test is about the same as a K,  test per ASTM E399.  Also, anv J, I c '-It- 
test procedure can be used without modification to obtain a valid 
KT  result if the specimen dimensions are sufficient for that nur- Ic ' 
pose per ASTM E399.  However, since the necessary specimen si;:c for 
J   interpretation is much less than that required by ASTM E399, the 
cost of specimen material and machining is reduced and a smaller 
testing machine can be used.  A tentative specimen size limit is 
given by Landes and Beg ley. 
Jlc 
a , B ^ a  Eqn. 5 
o 
y 
where 25 < c < 50. 
The Equivalent Energy Method 
The equivalent energy method was proposed by Witt  as a method 
to relate crack size and stress level at fracture load for a given 
size specimen.  Based on this method, a formulation has been developed 
which,   utilizing   the   sane   parameters   as   set   li>rlh   ii\  a   fracture 
mechanics   analysis,   will   enable   the   calculation   of   KT     value:,   froni It 
subsize specimens (within certain limit;;)-  The generalized nature 
of the formulation is seen by its proponents as an indication that 
the traditional K   concept is but a special case of the norc uni- 1 c ' 
versa 1   fracture   toughness  measure,   K,     ,- 
I cd 
For a fracture toughness specimen, such as a compact specimen, 
the fracLure toughness K, , is: 
°       1 cd 
K_ . «= C o, -/n a  S, , Eqn. 6 led      f     d  d ,i 
Here K  , is the fracture toughness obtained from a specimen of 
led c 
thickness d and S, , is the volumetric energy ratio between a speci- 
d , t 
men of thickness d and a geometrically similar specimen of thickness 
f.  The factor C is a constraint and shape factor and is identical 
to that used in linear elastic fracture mechanics.  The value of 
S, _ is obtained experimentally.  The quantity ac   is the stress at d , t f 
maximum load of a smooth tension specimen of thickness f.  In 
practice, the determination of K  . is done using the load-deflection 
curve such as that shown in Figure 1.      The area under the curve 
is measured up to maximum load (A ) and is divided by the area under 
the curve up to a point on the linear portion of the curve (A ). 
This ratio is "0. "  The load at that point (Pcd) is increased by 
the factor V and the specimen dimensions by the factor y.  K, , led 
(where d is a specific specimen thickness, i.e., 1 in., 2 in., etc.) 
is then calculated by the relation, 
10 
p./t> 
K.    ,   - —   f (a/w) Eqn.   7 
*
cd
       B/2B 
As   in previous   formulations,   a   is  crack  length, B,specimen   thickness 
and  w  is   specimen width.     The   f(a/w)   is   that   listed   for   the  compact 
specimen  in ASTM E399. 
The  Crack Opening Displacement Method 
Crack  opening displacement,   6,  may  be defined as   the displace- 
ment  of  the   crack  surfaces  at   the  crack  tip accommodated  by  yielding 
ahead  of   the  crack.     It has  been shown by  several methods   that   the 
crack driving   force,   G,   is  related   to 6  before  general yielding by 
Q 
the  relation: 
G = n a     6 Eqn.   8 
y 
where n is   the  plastic  stress   intensification   factor which   is  about   1 
for plane  stress  and  about  2   for  plane  strain.     G   is  also related   to 
K  through  the   expressions: 
2           E K    = ~  G  (plane  strain) Eqn.   9a 
1-v 
where  E   is  Young's modulus  and  v  is   Poisson's   ratio,    and 
2 K    = E G   (plane  stress) Eqn.   9b 
Thus   the existence  of a critical value  of K or G for a material 
implies   the  existence  of a  critical value  of crack opening displace- 
ment,   6   -     Test procedures   for   the  evaluation  of 6     have  been devel- 
c c 
oped and may be   found   in  the British  Standards   Institution Draft 
Standard  78/71535DC     This  proposed  standard method  estimates   6 
from a  critical  clip  gauge displacement,   A   ,   corresponding  to  the 
11 
initiation of crack growth during a fracture toughness test , and the 
specimen dimensions.  This method assumes that the specimen deforms 
by a plastic hinge mechanism with a constant rotation factor of about 
.45 (i.e., the specimen appears to rotate- at about a point midway in 
the remaining ligament).  The test procedure was devrloped to inter- 
face as closely as possible to ASTM K399 procedures and requirements. 
Mathematically, the relevant expression is: 
0.4 (w - a) V 
6  = 7T7 , n ,  P Kqn. 10 c   0.4 w + 0.6a + L 
Here   the  definitions   of w,   a,   6     are  as   indicated   before.     Z   is   the 
c 
distance of the measurement gage from the specimen load line and V 
is the plastic portion of the deflection (clip gage reading) at fail- 
ure of the specimen.  V may be determined experimentally or calculated 
from the measured total deflection reading by using the expression: 
Y ° , W 
V  = V -^— Eqn. 11 pel. 
Here y   is  a   constant  having a value  about   2.34   for   a/w =  0.5,   and 
the   remaining quantities  are   as  defined  previously. 
In  any   of  these   types   of   tests,   the  accuracy   of   the  method     de- 
pends   on determining   the  area   under   the   load-deflection  curve  or   the 
deflection  at   the   start  of   fracture.     In   this   investigation   this  has 
been assumed   to  occur   at   the  maximum   load   in   the   test.      In   fact,   in 
some materiaIs,this   occurs   sooner,   however,   the  assumption   that   frac- 
ture   initiates   at maximum   load   is   often  used   and   in   this   study  was 
necessary  because   of   the   lijnited  number  of   specimens   tested.     Experi- 
mental  evidence   from  similar  studies makes this resumption  appear correct. 
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MATERIALS AND WELDING PARAMETERS 
The experimental procedures for this program consisted mainly 
of the preparation of a ring forging of A508 Class 4 steel by weld- 
ing, machining and tensile, Charpy V-notch impact, and double com- 
pact tension testing for the determination of strength, ductility 
and toughness.  Two zones of the weldment were tested:  the weld 
metal and 11AZ.  The base material used in the study was a ring 
forging of A508 Class 4 steel characterized in a previous study. 
The chemical composition of this material is given in Table 1.  Two 
weld wires were used in this study, Armco W-25 VMLC (vacuum melted 
low carbon) and a similar but experimental weld wire Armco XW-28. 
The preheat and interpass temperatures used were 120 C (250 F) and 
200 C (400 F), respectively.  The submerged arc process was used with 
Linde 009-1 flux.  The welding parameters were 33 v , 750a, and a 
travel speed of 75 cm/min (30 in/min).  The heat input was thus 
about 2.0 KJ/mm (51 Kj/in).  After welding, portions of the weldment 
were given a postweld stress relief at 607 C (1125 F) for ten hours 
or for 50 hours.  A slow cooling rate, 30 C/hr (55 F/hr), was used 
after this treatment. 
To facilitate both welding and fracture toughness testing of 
this material a "K" type butt weld preparation was used.  "Pie 
shaped" sections of the forging were cut such that the direction of 
welding was transverse to the axis of the forging and along a forg- 
ing radius.  This insured that the heat affected zone properties 
measured were compatible with the base plate properties determined 
13 
in the previous study.   The orientation of the weld blanks and the 
"K" groove are seen in Figure 1.  The dimensions of the groove were 
chosen to provide a relatively large nnount of weld metal for test- 
ing purposes and also to provide a geometry compatible with the mod- 
ified compact specimen used for the fracture toughness determinations 
Although weldmcnts of both the Armco W-25 VMLC and Armco XW-28 
weld wires were made, the amount of usable wcldment of Armco W-25 
VMLC was limited.  Preliminary Charpy and tension testing of these 
two weldmcnts revealed that the weldment combination of greatest 
interest from the mechanical property standpoint was that made with 
the Armco XW-28.  For these reasons, although both weldrr.ents were 
carried through the tension and impact test studies, only the Armco 
XW-28 weldment was used for the compact tension fracture toughness 
study. 
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TESTING   PROCEDURES 
Tensile  and   Impact  Testing 
Standard 6.35 tun   (0.250   in)  diameter button head  specimens 
taken  from  the weld metal   transverse   to  the welding direction were 
tested at room  temperature according  to ASTM specification A370.    An 
Instron  testing machine at a  constant crosshead  speed of   1.27 tnn/min 
(0.05  in/min) was  used.     The   location of  the   tension  test   specimens 
with respect   to  the weldment  is   shown  in Figure   3. 
Impact   tests were  performed  on both weld metal  and HAZ of  the 
weld at  -51 C   (-60 F)  and at  23 C   (73 F).     The orientation of   these 
specimens with  respect  to the weldment   is   seen  in Figures   3-5. 
Pieces  were  cut   from  the weldment     and  given postweld stress  relief 
at 607 C  (1125  F)   for   10 and 50 hours with  slow cooling,30 C/hr 
(50 F/hr),from this   treatment.     After   the heat   treatment  they were 
machined  into standard  size Charpy blanks as  per  specifications 
ASTM A370 and E23.     A  certified  calibrated  325 J   (240  ft-lb)   Satec 
model  SI-1   testing machine was  used,  and a bath  of 2-methylbutane 
plus   liquid nitrogen was  required   to achieve   low  temperature. 
Fracture  Toughness Testing 
The   fracture   toughness  determinations   in  this  study were made 
with a   special double  notched  compact specimen so that   the heat 
affected  zone and   the weld metal  could  be   tested with  one  specimen. 
The  general  configuration of   the   specimen   is   seen in Figure   5    and 
its dimensions  are  shown  in  Figure   6.     The  primary advantage  of  the 
configuration was   the  reduction  in  the amount of welding required 
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to test the two weldment zones of interest.  In practice, the speci- 
men is treated as two compact specimens tested in sequence.  After 
machining of the general specimen configuration and notching, one 
of the notches is fatigue cracked using the two loading pin holes on 
either side of the notch.  This portion of the specimen is then 
tested using an extra length clevis on the side with the second 
notch.  Upon fracture, the remaining larger portion of the specimen 
(which contains the second notch) is essentially a standard compact 
specimen.  This portion is then fatigue cracked with the two remain- 
ing holes and also tested.  By appropriate placement of the speci- 
men, as shown in Figure 5,  both weld metal and HAZ can be tested 
at one location. 
All specimens tested were fatigue precracked on an Amsler 
Vibrcphore fatigue testing machine in accordance with load ranges 
listed in ASTM E399.  The maximum fatigue stress intensity in the 
final stages of precracking each specimen was kept in the range 16 
to 30 MPa/m (15 to 27 Ksi/in).  Tests were performed on a 533 KN 
(12,000 lb) Baldwin Universal testing machine.  Load versus crack 
mouth displacement was recorded autographically on an X-Y Hewlett- 
Packard recorder by means of a strain gage load cell mounted on the 
column of the machine, and a double cantilever beam clip gauge. 
Temperatures were measured and charted on a Sargent recorder using 
a copper-constantan thermocouple embedded in the specimen.  Liquid 
nitrogen was pumped into an insulated chamber where grips, specimen 
and gages were cooled prior to testing.  Each specimen was held at 
temperature of test for 15 minutes after the test temperature had 
16 
been reached.  Temperatures were controlled t v  within j (' (5 F) tor 
nil tests. 
As has been described above, both weld tr.clal and lit a t .ilii'Cl. J 
zone .specimens wore tested.  Tests wen- run on r.itcii il in the a:. 
welded condition and on material j;iven po.stweh! heat treatments for 
botli 10 and 50 hours. 
Analysis of the fracture toughness data was done usiii/, the 
analytical expressions described earlier.  For each lund-defleetion 
record, J, , K, , and f  was calculated.  K  , values, would be 
Ic   led      c led 
considered K  _ ..  as the specimen thickness was about 18.5 in:i lc 3/4 
(.73 in).  As described above, the failure (ductile tearing or frac- 
ture) of each specimen was assumed to occur at maximum load.  In 
calculation of COD values, the ambient temperature yield point of 
the weld metal was used to calculate COD of both the weld metal and 
heat affected zone. 
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RESULTS  AND   DISCUSSION 
Tension  Test  Results 
The   results   of   the  weldment   tension   tests   on   the   two weld 
metals   in   the  study are  seen  in Table   2 and  Figures   7-10.     Of   the 
two weld metals   tested,   the W-25  VMLC  somewhat  undcrmatches   the  base 
material  in  strength  as  welded  and   substantially  undermatches   it  after 
50 hours  of post-weld heat   treatment.     In contrast,   the XW-28 over- 
matches   the base material as welded and  retains   this  advantage even 
after  50 hours  of post-weld heat   treatment.     On   the  basis   that   the 
weldment  strength  properties   of W-25 VMLC  fall  below   the minimum   for 
the A508 Class 4  grade   it would probably not be a usable weld metal 
for  either   forgings   (or  plates)  at   the minimum yield  and  tensile 
strength   levels   typical of  those  projected   for  this  high  strength 
steel.     It  should  be  noted,   however,   that   these  results   strictly apply 
only   to   the  welds made  at  2  Kj/mm  (5 1 Kj/in)  and  somewhat higher 
strengths  might  have  been  achieved   if   lower  heat  inputs  were  used   in 
welding.     From  the   fabrication  standpoint,   the  XW-28   is  a much more 
satisfactory match because  it  provides  a  strength margin above  the 
minimum  specified.for   the  base material,   and would  probably  continue 
to meet   the minimum base   level  strength even at higher heat   inputs. 
As   the  curves   of  Figures   9 and   10  indicate,   there   is  an  increase 
in ductility   for  both weld metals with   increasing   time during  post- 
weld heat   treatment.     The  XW-28 has a proportionately   larger   increase 
than  the W-25 VMLC. 
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Charpy   Impact  Test  Results 
The results   of  the Charpy   impact   tests are  shown   In Table  3 and 
Figures   11-14.     It  is  clear   that   the W-25 VMLC weld metal has  better 
ambient   temperature  properties  both as welded and  after  50 hours  of 
post-weld  heat   treatment.     Both  weld metals  have  excellent   impact 
toughness   in  the ambient range,  however,  and post-weld heat   treatment 
served   to increase   their   toughness  by at   least 40%.     The absolute 
levels   of   toughness  are  only  moderately   less   than   the A508  Class  4 
forging,   about   160 J   (~120ft-lb)  at   the  same   temperature.       The 
o o forging has   reached   the  upper  shelf  in  toughness at  23 C   (73 F)  and 
this   is  probably  also   true   of   these weld metals. 
In   the   low   temperature regime,   -51  C   (-60  F),   the XW-28 weld 
metal holds  a definite advantage,   especially after   50 hours   of post- 
weld heat   treatment.     The  data   from the   10 hour  treatment are more 
limited  but   indicate   the   same   trend.     The   toughness  of   the W-25  VMLC 
appears   to decline with progressive   time  in post-weld heat   treatment, 
eventually coming  to about 607. of  its  initial value.     The XW-28  shows 
little  or no decline   in  toughness at  -51 C with heat   treatment.     This 
behavior  is  similar  to  that  of  the  plate,  which had no decline  in 
toughness with  post-weld heat   treatment. 
The heat affected zone  of   the   test   forging showed  excellent 
impact  toughness  over   the whole  temperature range  tested,  and was 
superior   to   the weld metals   in every case.     It did  not  show any  par- 
ticular  sensitivity  to aging during heat  treatment. 
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Fracture  Toughness  Results 
The average   load-deflection curves   (of   two specimens   in most 
cases)   for   the XW-28 weld  and   the  resulting HAZ   in   the A508  Class  4 
forging are  seen  in Figures   15- 17.     As may  be anticipated   from the 
impact data   the  curves   show  that   the weld metal   is  relatively ductile 
with  only a  few specimens  showing   linear elastic  behavior.     Because  of 
the relatively  small  specimen  sizes   (    ~ 18 mm),   the  test data are all 
invalid by   the requirements   of ASTM E399.     The   fracture   toughness as 
calculated   from J_   ,   K_   ,  and  COD is seen inTable4and Figures 18-21. 
Ic   led ^ 
Comparing the values of K,  calculated from J,  and the values r Ic Ic 
of KT ,, it is clear that the agreement between the two is very good, led 
the difference in the range of 57..  The values of KT  calculated from 
COD are somewhat smaller, on the order of 257. less than the others. 
This difference may result in some ambiguity as to the constant to be 
used in Equation  8 , the constraint factor.  The value of this con- 
stant has been taken as 1 (plane stress conditions).  Examination of 
the test records indicates that the curves, while not linear and 
elastic, do not indicate fully plastic behavior either.  Thus con- 
straint factor could be greater than 1, which would increase the 
values of K n.  This ambiguity makes direct comparison difficult. 
The general level of fracture toughness of the weld metal and 
heat affected zone is very high, the only exception being the weld 
metal tested at -51 0 (-60 F) after ten hours of post-weld heat treat- 
ment.  Because of the relatively limited data, no firm conclusion can 
be drawn from this loss, however it is interesting to note that some 
supporting evidence for a decreased low temperature toughness after 
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ten hours   is   found   in   the   Charpy   impact data.     Toughness  at   -51   C 
(-60 F)  after   50 hours   of post-weld heat   treatment   is  above   the  as- 
we lded values. 
The   fracture   toughness  of  the heat  affected  zone   is  also quite 
high,  above   that  of   the weld metal after  stress  relief.     In   the  as- 
welded  condition,   it  is  below   the  weld metal by  a  small margin,   about 
107.. 
A comparison of   this weld metal with   the A508  Class 4   forging 
which had been previously  characterized     shows  it   to be about   357. 
lower when compared  on  the same basis  in the same   temperature range. 
The  average J-integral   (maximum   load)  based  K_     for  this   forging was 
316 MPa/m  (287  Ksi/in)   in  the  ambient   temperature  range and  326 MPa/tn 
(297  Ksi/in)  at  -46°C   (-50°F).     Values  of  KT     based  on COD were,   once Ic 
again,  a   little   lower, 250 MPa/m  (227  Ksi/in)  at  22°C   (72°F)  and  258 
MPa/ra  (235 Ksi/in)  at  -46°C   (-50°F).     The   forging  is   apparently at 
upper  shelf   toughness  over   this   temperature  range,  and   this   is prob- 
ably  true  of  the weld metal as well.     The heat  affected  zone  is 
intermediate   in toughness. 
The   fact   that  the heat affected  zone and weld metal  are  below 
the plate   in   toughness  is not necessarily a  potential problem because 
the   levels measured  in   these  investigations  are  quite high and  the 
range  of  temperature   tested  extensive.     The  only  potential  cause   for 
concern is with  respect   to  intermediate post-weld heat   treatment 
times where   there  is   some  indication   that,   at   low  temperatures,   the 
toughness may drop   to 407. of  the  plate.     In  this   case,   the  shorter 
21 
time post-weld heat treatments art* not helpful with rrspi'd to the 
toughness of this weld inetal and longer tines are to be preferred, 
the reverse of the situation that, fnxri the (harpy iinpact data, is 
true   of   the W-25  VMLC. 
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CONCLUSIONS 
From  the   investigation  of   the   strength  and   fracture   toughness 
characteristics  of 2.0 Kj/mm  (51    KJ/in)   submerged arc vcldmcnts 
made   from A508  Class  4   forgings  welded with  Armco W-25  VMLC  and 
XW-28  using  Linde  009-1   flux,   the   following has  been concluded: 
1. Of   the  two weld metals   tested,   the  XW-28 has   superior   strength 
as welded  and  retains   this   superiority after  50 hours  of post- 
weld heat   treatment at 607°C  (1125°F).     The XW-28 weld metal 
overmatches   the  base metal   in yield and  tensile  strength  as 
welded  and matches   it  in strength after  50 hours  post-weld 
heat  treatment.     The W-25 VMLC undermatches   the base metal 
both as welded  and after post-weld heat   treatment. 
2. The W-25 VMLC has higher  Charpy   impact   toughness  as welded 
and after  50 hours  post-weld heat   treatment  in  the ambient 
temperature range but   is   lower  in  toughness   than   the XW-28 
at  -51°C   (-60°F).     The W-25 VMLC   loses   impact  toughness with 
increasing post-weld heat   treatment   time,  while   the XW-28 
weld metal has no appreciable   toughness   loss.     The   toughness of 
tie heat affected  zone  exceeds   that  of either weld metal and does 
not decrease  appreciably with post-weld heat  treatment. 
3. Fracture   toughness   tests   on XW-28  weld metal  show  it   to have a 
KT     toughness around  200 MPa/m  (185  Ksi/in)  as welded  over   the Ic 
temperature  range   from  ambient   to  -51  C   (-60  F)  as  determined 
by J       and  IC    ,  analysis.     The   low  temperature   toughness  appears 
to decline in   short post-weld heat  treatment   times,10 hours, 
23 
and   increases  again   to around   250 MPa/tn  (225  Ksi/in)   after   50 
hours   of  heat   treatment.   The heat  affected  zone   toughness  at 
low  temperatures  rises   from about   180 MPa/m  (165 Ksl^in)  as 
welded   to over  285 MPa/m  (260 Ksi/in)  after  50 hours post-weld 
heat   treatment. 
The  XW-28 weld  metal  and  heat  affected   zone  have  a   lower   tough- 
ness   than  the  base metal but are as  high   in   fracture 
toughness 33   many  pressure vessel  steels  over  the  same   tempera- 
ture  range. 
The J-integral and K     .   fracture   toughness measurements  gave 
comparable  estimates   of K.     for   the materials   tested.     Values 
of K,     calculated   from COD were about  257.  lower   than  those 1c 
calculated  from  the  other  two parameters. 
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A. 
1. 
TABLE 1 
Chemical and Tensile Properties of ASTM A508 Class 4 
and the Test Weld Wires 
Chemical Composition 
A508 Class 4 Forging 
c Mn P S Si Ni Cr Mo V Al 
0.18 0.31 0.007 0.012 0.18 3.53 1.73 0.50 0.01 0.005 
Armco XW -  28 Wire 
C             Mn              P S Si Ni Cr Mo Cu 
0.14       1.78       0.006 0.006 0.28 2.12 0.50 1.02 0.09 
Armco XW - 25 VMLC Wire 
c Mn P S Si Ni Cr Mo Cu 
0.085 1.74 0.005 0.006 0.006 2.15 0.54 0.51 0.07 
B.  Tensile Properties of ASTM A508 Class 4 Forging 
Condition 
0.27. 
Yield 
MPA 
Offset 
Strength 
(Ksi) 
Tensile 
Strength 
MPa       (Ksi) 
Elongation 
in 25 tun 
7. 
Reduction 
of Area 
7. 
As  Received 654.0 (94.8) 785.0   (113.8) 22.9 68.7 
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TABLE 2 
Room Temperature Tension Test Properties of Weld Metals 
Submerged Arc Weldments, 2.0 KJ/mm (50 KJ/in) 
Tensile Properties 
Weld Metal   & 
Conditions 
.27. Offset Yield 
Strength 
MPa              (Ksi) 
Tensile 
Strength 
MPa       (Ksi) 
Elongation 
in 2 5 mm 
7. 
Reduction 
in Area 
7. 
As  Welded 
Armco W-25 
Armco XW-28 
647              (93.7) 
840           (121.9) 
710     (102.9) 
931     (135.1) 
22.0 
9.8 
70.0 
65.8 
POST WELD HEAT TREATMENT 607°C   (1125°F)   10 Hours,   Slow Cool 
Armco W-25 
Armco XW-28 
657             (95.2) 
823           (119.5) 
705     (102.2) 
878     (127.5) 
24.5 
15.9 
72.5 
66.4 
POST WELD HEAT TREATMENT 607°C   (1125°F)  50 Hours,   Slow Cool 
Armco W-25 
Armco XW-28 
573             (83.0) 
717           (104.0) 
656       (95.0) 
782     (113.5) 
24.5 
20.9 
73.5 
70.6 
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TABLE  3 
Impact  Properties   of   the  Test Materials 
Weld Metal & 
Conditions 
Impact  Energy   in Joules   (J)   and   (ft-lb) 
23°C          (73°F) 
Joules       (ft-lb) 
-40°C       (-40°F) 
Joules        (ft-lb) 
-51°C         (-60°F) 
Joules       (ft-lb) 
As Welded 
Armco W-25 108,90         (80,67) - 68,41         (50,30) 
Average 99                (73.5) 54.5           (40) 
Armco XW-28 73,88,54   (54,65,40) 47.5              (35) 44,49,128   (33,36,95) 
Average 71.7             (53.0) 47.5              (35) 74.7         (54.7) 
HAZ  XW-28 126,146     (93,108,) 
145                  (107) 126.1              (93) 141,116     GW,85.5) 
Average 139             (103) 126.1             (93) 128              (95) 
POST WELD HEAT TREATMENT,   607°C   (1125°F)   10 Hours,   Slow Cool 
Armco W-25 - 46             (34) 
Average - - 46              (34) 
Armco XW-28 101                (75) 45.4           (33.5) 26,49,105  (19,36,78) 
Average 101                (75) 45.4           (33.5) 60           (44.3) 
HAZ XW-28       ] L53.137       (113,101) 151                (111) 153,134,   (113,99,65) 
88 
Average 145                  (106) 151                (111) 125             (92.3) 
i . 
(continued   —   ) 
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TABLE  3 
(continued) 
Weld Metal  & 
Conditions 
Impact Energy  in Joules   (J) and   (ft- Lb) 
23°C 
Joules 
(73°F) 
(ft-lb) 
-40°C 
Joules 
(-40°F) 
(ft-lb) 
-5i°C          (-60°F) 
Joules        (ft-lb) 
POST WELD HE/ LT TREATMENT 607°C   (1125°F)  50 Hours,  Si ow  Cool 
Armco W-25 132,138, 
144 
(98,102, 
107) 
- - 36,30,32 (27,22,24) 
Average 138 (102.3) - - 33 (24.3) 
Armco XW-28 121,120 (90,89) 86.1 (63.5) 71,62,71 (53,45,53) 
Average 120.5 (89.5) 86.1 (63.5) 68 (50.3)| 
HAZ XW-28 144,140, 
144 
(106,103, 
106) 
105 (77.5) 87,146, 
121 
(64,108,89) 
Average 143 (105) 105 (77.5) 118 (87) 
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